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(54) lUlagnetoresistlve multilayer and head, manufacturing method 



(57) There is disclosed a magnetoresistive film in 
which increase of a coupling field accompanying thick- 
ness reduction of a middle layer is Inhibited. The mag- 
netoresistive film Is a multllayered film Including a 
pinned layers having magnetization whose direction Is 
fixed, a nonmagnetic middle layer 4 formed on the 
pinned layer, and a free layer 5 fomned on the middle 
layer and provided with magnetization whose direction 



changes in accordance with an external magnetic field, 
the magnetoresistive film indicating a magnitude of re- 
sistance in accordance with an angle fomned by the 
magnetization direction of the pinned layer and the mag- 
netization direction of the free layer, and a copper oxide 
layer 7 of an oxide including a copper element Is formed 
directly on the free layer, or on the free layer via an oxide 
layer 6 of a material fabricated by oxidizing a material 
constituting the free layer. 
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Description 

[0001 ] The present Invention relates to a magnetore- 
sistive film whose resistance changes in accordance 
with a niagnetlc field intensity, a nrtagnetoresistive head 
for detecting the magnetic field intensity in accordance 
with the resistance change of the magnetoresistive film, 
an information regeneration apparatus for regenerating 
Infomriatlon recorded In a recording medium, and a mag- 
netoresistive film manufa(^re method for manufactur- 
ing the magnetoresistive film. 

[0002] In recent years, with the Increasing use of com- 
puters, a large amount of Infomnation Is handled daily. 
Such Information is recorded on a recording medium by 
a large number of physical marks, and regenerated by 

an information regeneration apparatus for reading the 
marks on the recording medium to regenerate an elec- 
tric regeneration signal. 

[0003] A hard disk drive (HDD) Is one such Infomna- 
tion regeneration apparatus, and Is characterized In that 
its memory capacity is large and access speed to the 
infomnation Is fast. The HDD is provided with a magnetic 
disk as the recording medium whose surface is fomned 
of a magnetic material, and a regeneration head for re- 
generating the Infomnation recorded on the magnetic 
disk. For the magnetic disk, a surface is magnetized for 
each micro area (one-bit region), and one bit of infomna- 
tion is recorded in a fomri of a magnetization direction of 
the one-bit region. The regeneration head is disposed 
In the vicinity of the magnetic disk, and outputs an elec- 
tric regeneration signal in accordance with a signal mag- 
netic field Hsig generated from the magnetization of one- 
bit region of the magnetic disk to regenerate the infor- 
mation recorded on the magnetic disk. 
[0004] At present, in nnany of the regeneration heads 
mounted on the HDD, a magnetoresistive head (MR 
head) including a magnetoresistive film whose resist- 
ance changes In accordance with the magnetic field 
from the outside is used. In the MR head, a pair of elec- 
trode temninals are disposed on the magnetoresistive 
film, and during operation a sense current is passed to 
the magnetoresistive film from the pair of electrode ter- 
minals. In such sense curent flow state, when the MR 
head is moved relatively in the vicinity of the magnetic 
disk, an electric resistivity of the magnetoresistive film 
successively changes In accordance with the signal 
magnetic field from the magnetic disk, and a high- 
output regeneration signal with a voltage of a value rep- 
resented by a product of the electric resistivity and the 
sense cun^ent value is output. 
[0005] However; the recording density of magnetic 
disks continues to be enhanced year by year, an area 
of one-bit region decreases with enhancement of the re- 
cording density, the signal magnetic field generated 
from the one-bit region Is weakened, and the regenera- 
tion head for outputting a large regeneration signal is 
therefore necessary even for this weak signal magnetic 
field Hgig. As the regeneration head for outputting the 



large regeneration signal, a spin valve magnetoresistive 
head, which is a magnetoresistive head utilizing a giant 
magnetoresistive (GMR) effect, is disclosed by Japa- 
nese Patent Application Laid-Open No. 358310/1992, 

5 and its practical use Is starting in eamest. 

[0006] The spin vah^e magnetoresistive head is pro- 
vided with a spin valve magnetoresistive film as a mul- 
tilayered film Including a free magnetic layer (free layer) 
whose magnetization direction changes in accordance 

10 with the extemal magnetic field, a middle layer formed 
adjacent to the free layer and constituted of a nonmag- 
netic metal, a pinned magnetic layer (pinned layer) 
whose magnetization direction is fixed in a predeter- 
mined direction, and an antlferromagnetic layer fomned 

IS adjacent to the pinned layer and constituted of an anti- 
ferromagnetic material for fixing the magnetization di- 
rection of the pinned layer. For the magnetoresistive 
film, when the extemal magnetic field changes, the mag- 
netization directton of the free layer of the magnetore- 

20 sistlve film changes, and a resistance change is gener- 
ated in accordance with relative angle changes of the 
magnetization directions of the pinned layer and free 
layer. 

[0007] Since an output of the regeneration signal of 

25 the magnetoresistive head provided with the magne- 
toresistive film Is substantially proportional to a differ- 
ence Ap/t between a maximum value and a minimum 
value of a sheet resistance changing in accordance with 
tiie extemal magnetic field change, with respect to the 

30 magnetoresistive effect, an ability of the magnetoresis- 
tive film is evaluated by this difference Ap/t in many cas- 
es. The difference Ap/t between the maximum value and 
the minimum value of the changing sheet resistance will 
be hereinafter referred to as resistance change Ap/t. 

3s Since the aforementioned spin valve magnetoresistive 
film has a large resistance change Ap/t, the high-output 
regeneration signal can be obtained from the magne- 
toresistive head provided with the magnetoresistive film. 
[0008] The spin valve magnetoresistive head outputs 

40 the high-output regeneration signal in this manner, but 
It Is demanded that a higher output be obtained by fur- 
ther increasing the resistance change ApA of the mag- 
netoresistive film. As a measure for increasing the re- 
sistance change Ap/t, a thickness of the middle layer is 

45 reduced. When the thickness of the middle layer is too 
large, an excess shunt cun-ent not contributing to the 
magnetoresistive effect flows in the middle layer to de- 
crease the resistance change ApA, but the decrease of 
the resistance change Ap/t is suppressed by setting the 

50 middle layer to be thin . 

[0009] However, In the conventional magnetoresis- 
tive film, an interlayer coupling field H|„ usually acts be- 
tween the magnetization of the free layer and the mag- 
netization of the pinned layer to set these magnetization 

55 directions to be the same direction, and with further thin- 
ning of the mkldle layer, the coupling field Hj^ increases. 
In the following, the coupling field H|n has a positive val- 
ue when the magnetization directions are set to be the 
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same direction, and has a negative value when the di- 
rections are set to be directions opposite to each other. 
By this coupling field H^, a deviation is generated in an 
angle formed by the magnetization direction of the free 
layer and the magnetization direction of the pinned lay- 
er. 

[0010] In general, the resistivity of the magnetoresis- 
tive film preferably changes linearly with respect to the 
change of the signal magnetic field from the mag- 
netic disk, and to realize this linear change, it Is Ideal to 
fonn an angle of 90*C by the magnetization directions 
of the pinned layer and free layer in the absence of the 
signal magnetic field H^. However, when the angle de- 
viates from 90^ by the coupling field H|n, the output volt- 
age of the spin valve magnetoresistlve head fails to lin- 
earty respond to an Input of signal magnetic field H^jg, 
and strain of a regeneration wavefomn of the output voll- 
age or another trouble occurs. 
[0011] The present Invention has been developed in 
consideration of the aforementioned situations, and em- 
bodiments aim to provide a magnetoresistlve film in 
which increase of coupling field with thickness reduction 
of a middle layer is inhibited, a magnetoresistlve head 
provided with the magnetoresistlve film, an information 
regeneration apparatus provided with the magnetore- 
sistive head, and a magnetoresistlve film manufacture 
method for manufacturing the magnetoresistlve film. 
[001 2] According to a first aspect of the present inven- 
tion there is provided a magnetoresistlve film, compris- 
ing a multilayered film including: a pinned magnetic lay- 
er having magnetization whose direction Is fixed; a non- 
magnetb middle layer fomied on the pinned magnetic 
layer; and a free magnetic layer formed on the middle 
layer and provided with magnetization whose direction 
changes in accordance with an extemal magnetic field, 
and indicates a magnitude of resistance in accordance 
with an angle formed by the magnetization direction of 
the pinned magnetic layer and the magnetization direc- 
tion of the free magnetic layer, wherein a copper oxide 
layer of an oxide including a copper element is formed 
directly on the free magnetic layer, or on the free mag- 
netic layer via an oxide layer fomned of a material fabri- 
cated by oxidation of a material constituting the free 
magnetic layer. 

[0013] Here, the copper oxide layer may be fomned 
adjacent to the free magnetic layer, or formed on the 
free magnetc layer via a predetemnlned layer. 
[0014] When the copper oxide layer comprising the 
oxide including the copper element is formed directly on 
the free magnetic layer, or on the free magnetic layer 
via the oxide layer, as described later in an example, a 
value of the aforementioned coupling field H,„ decreas- 
es, and the Increase of the coupling field H|„ accompa- 
nying the thickness reduction of the middle layer is In- 
hibited. 

[0015] In general, the resistance change of the mag- 
netoresistlve film in a magnetoresistlve effect Is gener- 
ated by a change of magnitude of an average free stroke 



In the magnetoresistive film by spin dependence scat- 
tering of a conductive electron in accordance with the 
external magnetic field, and the change of the magni- 
tude of the average free stroke increases by specular 

5 reflection. 

[0016] When the copper oxide layer is fomned directly 
on the free magnetic layer, on an Interface between the 
free magnetk: layer and the copper oxide layer, the con- 
ductive electron is speculariy reflected while keeping its 

10 spin state. When the copper oxide layer is fonmed on 
the free magnetic layer via the oxide layer, the specular 
reflection occurs on the interface between the free mag- 
netic layer and the oxide layer, and on the interface be- 
tween the oxide layer and the copper oxide layer. There- 

IS fore, the above magnetoresistive film of the present in- 
vention indicates a large resistance change Ap/t by the 
occun-ence of the specular reflection on these interfac- 
es. 

[QOIT] In the magnetoresistive film of the present in- 

20 vention, the copper oxide layer preferably has a thick- 
ness of 10 angstroms or more. 
[0018] As described later in the example, when the 
copper oxide layer has the thickness of 10 angstroms 
or more, the inhibition of the increase of the coupling 

25 field Hjp is effectively perfomned. 

[0019] Moreover, when the magnetoresistive film of 
the present invention is provided with the oxide layer, 
the oxide layer preferably has a thickness of 5 ang- 
stroms or more. 

30 [0020] For the above magnetoresistive film, if the 
thickness of the oxide layer is 5 angstroms or more, as 
described later in the example, the coupling field is 
small, and the specular reflection of the conductive elec- 
tron is satisfactorily performed on the interface between 

35 the free magnetic layer and the oxide layer. 

[0021 ] Moreover, for the first magnetoresistive film of 
the present invention, a protective layer for protecting 
the copper oxide layer is preferably fonmed on the cop- 
per oxide layer. 

40 [0022] For the first magnetoresistive film provided 
with the protective layer, the protective layer preferably 
comprises an oxide. 

[0023] In the first magnetoresistive film In which the 
protective layer comprises the oxide, the protective lay- 

45 er preferably comprises AI2O3. 

[0024] The copper oxide layer is physk:ally protected, 
and further prevented from being oxidized or chemically 
protected otherwise by the protective layer. 
[0025] Moreover, in the first magnetoresistive film of 

50 the present Invention, the free magnetic layer preferably 
has a thbkness of 30 angstroms or less. 
[0026] For the conductive electron In the magnetore- 
sistive film, the average free stroke by usual scattering 
without depending on spin is about 60 angstroms. When 

55 the thickness of the free magnetic layer is 30 angstroms 
or more, the conductive electron is easily scattered be- 
fore specularly reflected by the Interface between the 
free magnetic layer and the copper oxide layer, and the 
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increase of the resistance change Ap/t by the specuiar 
reflection is therefore small. On the other hand, in the 
magnetoresistlve filnn in which the thickness of the free 
magnetic layer Is 30 angstroms or less, the increase of 
the resistance change 6(>/t by the specular reflection Is 
large. 

[0027] According to a second aspect of the present 
invention there is provided a magnetoresistlve film com- 
prising a pinned magnetic layer having magnetization 
whose direction is fixed; a nonmagnetic middle layer 
fomied on the pinned magnetic layer; and a free mag- 
netic layer fonned on the middle layer and provided with 
magnetization whose direction changes in accordance 
with an external magnetic field, and indicates a nnagnl- 
tude of resistance In accordance with an angle formed 
by the magnetization direction of the pinned magnetic 
layer and the magnetization direction of the free mag- 
netic layer, the middle layer having a thiclcness of 34 
angstroms or less, and wherein a coupling layer for ex- 
erting a coupling field for directing the magnetization of 
the pinned magnetic layer and the magnetization of the 
free magnetic layer in opposite directions between the 
magnetizations is fomned on the free magnetic layer. 
[0028] For example, in the first magnetoresistlve film 
of the present invention, the coupling layer con^sponds 
to the copper oxide layer, or a composite layer of the 
copper oxide layer and oxide layer, but the coupling lay- 
er is not limited to these layers, and may be any layer 
as long as the coupling field for directing the magneti- 
zation of the pinned magnetic layer and the magnetiza- 
tion of the free magnetic layer in the opposite directions 
Is exerted between the magnetizations. 
[0029] For the magnetoresistlve film heretofore put to 
practical use, the thickness of the middle layer is 34 ang- 
stroms or less, the coupling field Hf„ for directing the 
magnetizations In the same direction acts on the first 
magnetoresistlve film, and the coupling field Hj^ increas- 
es by reducing the thickness of the middle layer. On the 
other hand, since the second magnetoresistlve film in- 
cludes the coupling layer, even with the thickness of the 
middle layer of 34 angstroms or less, the value of the 
coupling field becomes negative, and the value of the 
coupling field Hi,, can therefore be brought close to zero 
by reducing the thickness of the middle layer. 
[0030] According to a third aspect of the present in- 
vention there is provided a magnetoresistlve head with 
a magnetoresistlve film as a multllayered film including: 
a pinned magnetic layer having magnetization whose 
direction is fixed; a nonmagnetic middle layer formed on 
the pinned magnetic layer; and a free magnetic layer 
fomned on the middle layer and provided with magneti- 
zation whose direction changes in accordance with an 
external magnetk: field, and indicating a magnitude of 
resistance in accordance with an angle formed by the 
magnetization direction of the pinned magnetic layer 
and the magnetization direction of thef ree magnetic lay- 
er. 

[0031] The magnetoresistlve head detects the mag- 



nitude of the resistance of the magnetoresistlve film to 
detect a strength of the external magnetic field. 
[0032] A copper oxide layer of an oxide including a 
copper element is fomned directly on the free magnetb 
5 layer, or on the free magnetic layer via an oxide layer 
fomned of a material fabricated by oxidation of a material 
constituting the free magnetic layer. 
[0033] In general, It is ideal to fomn an angle of QO^'C 
by the magnetization directions of the pinned magnetb 
layer and free magnetic layer, for use in the magnetore- 
sistlve head, in the absence of the signal magnetic field 
Hsig. However, when excess magnetic fields such as the 
coupling field Hj^ exist, the angle deviates from 90**. 
When the angle deviates from 90^, a regeneration 
wavefomn of a regeneration signal output from the mag- 
netoresistlve head is strained. 
[0034] Since the above magnetoresistlve head cm- 
ploys the first magnetoresistlve film of the present in- 
vention as the magnetoresistlve film, and the increase 
of the excess coupling field H|n accompanying the de- 
crease of the thickness of the middle layer Is inhibited, 
the strain of the regeneration wavefomn is inhibited in 
the first magnetoresistive head. 
[0035] According to a fourth aspect of the present in- 
vention there is provided a magnetoresistive head with 
a magnetoresistive film as a multllayered film including: 
a pinned magnetic layer having magnetization whose 
direction is fixed; a nonmagnetic middle layer formed on 
the pinned magnetic layer; and a free magnetic layer 
fomned on the middle layer and provided with magneti- 
zation whose direction changes In accordance with an 
external magnetic field, and indk^ating a magnitude of 
resistance in accordance with an angle formed by the 
magnetization direction of the pinned magnetic layer 
and the magnetization direction of the free magnette lay- 
er. The magnetoresistive head detects the magnitude of 
the resistance of the magnetoresistive film to detect a 
strength of the external magnetic field. 
[0036] The middle layer has a thickness of 34 ang- 
stroms or less. 

[0037] A coupling layer for exerting a coupling field for 
directing the magnetization of the pinned magnetic layer 
and the magnetization of the free magnetic layer in op- 
posite directions between the magnetizations is fomned 
on the free magnetic layer. 

[0038] Since the second magnetoresistive head em- 
ploys the second magnetoresistlve film of the present 
invention as the magnetoresistive film, and the value of 
the coupling field Hj„ can be brought close to zero by 
further reducing the thickness of the middle layer, the 
strain of the regeneration wavefomn can be inhibited In 
the second magnetoresistive head. 
[0O39] The invention also provides an infomnation re- 
generation apparatus which has a magnetic head, dis- 
posed in the vicinity of or in contact with a magnetic re- 
cording medium on which infomnation is recorded by a 
magnetization direction, for detecting the magnetization 
direction of each point of the magnetto recording medi- 
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um, and which regenerates the infomriation in accord- 
ance with the magnetization direction of each point of 
the magnetic recording medium detected by the mag- 
netic head. 

[0040] The magnetic head is provided with a magne- 5 
toresistivefllm as a multilayered film including: a pinned 
magnetic layer having magnetization whose direction is 
fixed; a nonmagnetic middle layer fomned on the pinned 
magnetic layer; and a free magnetic layer fomned on the 
middle layer and provided with magnetization whose di- io 
rection changes in accordance with an extemal magnet- 
ic field, and indicating a magnitude of resistance in ac- 
cordance with an angle fomried by the magnetization di- 
rection of the pinned magnetic layer and the magneti- 
zation direction of the free magnetic layer. The magne- f5 
toresistive head detects the magnitude of the resistance 
of the magnetoresistive film to detect a strength of the 
extemal magnetic field. A copper oxide layer of an oxide 
Including a copper element is f omied directly on the free 
magnetic layer, or on the free magnetic layer via an ox- 20 
ide layer fomned of a material fabricated by oxidation of 
a material constituting the free magnetic layer. 
[0041] The first infomnation regeneration apparatus 
employs the first magnetoresistive head of the present 
Invention In the magnetic head. Similarly as the first 25 
magnetoresistive head, since the magnetic head has 
the strain of the regeneration waveform inhibited, the 
first information regeneration apparatus is high in sen- 
sitivity for detecting the magnetization direction of each 
point of the magnetic recording medium, and suitable so 
for the regeneration of the infomnation recorded with a 
high density on the magnetic recording medium. 
[0042] The present invention also provides an infor- 
mation regeneration apparatus with a magnetic head, 
disposed in the vicinity of or in contact with a magnetic 3S 
recording medium on which infomnation is recorded by 
a magnetization direction, for detecting the magnetiza- 
tion direction of each point of the magnetic recording 
medium, which regenerates the infomnation in accord- 
ance with the magnetization direction of each point of ^ 
the magnetic recording medium detected by the mag- 
netic head. 

[0043] The magnetic head is provided with a magne- 
toresistive film as a multilayered film including: a pinned 
magnetic layer having magnetization whose direction Is ^ 
fixed; a nonmagnetic middle layer formed on the pinned 
magnetic layer; and a free magnetic layer fomned on the 
middle layer and provided with magnetization whose di- 
rection changes in accordance with an external magnet- 
ic field, and indicating a magnitude of resistance in ac- so 
cordance with an angle fomned by the magnetization di- 
rection of the pinned magnetic layer and the magneti- 
zation direction of the free magnetic layer. The magne- 
toresistive head detects the magnitude of the resistance 
of the magnetoresistive film to detect a strength of the 55 
extemal magnetic field. 

[0044] The middle layer has a thickness of 34 ang- 
stroms or less. 



[0045] A coupling layer for exerting a coupling field for 
directing the magnetization of the pinned magnetic layer 
and the magnetization of the free magnetic layer in op- 
posite directions between the magnetizations is formed 
on the free magnetic layer. 

[0046] The second information regeneration appara- 
tus employs the second magnetoresistive head of the 
present invention in the magnetic head. Simiiariy as the 
second magnetoresistive head, in the magnetic head, 
since the strain of the regeneration wavefomn is inhibit- 
ed, the second infomnation regeneration apparatus is 
high in sensitivity for detecting the magnetization direc- 
tion of each point of the magnetic recording medium, 
and suitable for the regeneration of the information re- 
corded with a high density on the magnetic recording 
medium. 

[0047] The invention further provides a method of 
manufacturing a magnetoresistive film as a multilayered 
film including: a pinned magnetic layer having magnet- 
ization whose direction Is fixed; a nonmagnetic middle 
layer fomned on the pinned magnetic layer; and a free 
magnetic layer formed on the middle layer and provided 
with magnetization whose direction changes in accord- 
ance with an extemal magnetic field, and indicating a 
magnitude of resistance In accordance with an angle 
fomied by the magnetization direction of the pinned 
magnetic layer and the magnetization direction of the 
free magnetic layer. 

[0048] The method includes: a free magnetic material 
layer lamination step of laminating the middle layer, Euid 
subsequently laminating a free magnetic material layer 
including a material constituting the free magnetic layer 
on the middle layer; 

a metal layer lamination step of laminating a metal 
layer Including a metal on the free magnetic mate- 
rial layer laminated in the free magnetic material 
layer lamination step; and 
a plasma oxidation step of exposing the metal layer 
laminated by the metal layer lamination step to ox- 
ygen in a plasma state to oxidize the metal layer. 

[0049] In the magnetoresistive film finally formed 
through these respective steps, the free magnetic ma- 
terial layer itself, or a partial layer of a thickness direction 
in the free magnetic material layer constitutes the free 
magnetic layer. 

[0050] According to the first magnetoresistive film 
manufacture method, as described later in the example, 
by oxidation of the metal layer laminated on the free 
magnetic material layer in the plasma oxidation step, the 
magnetoresistive film is manufactured in which the cou- 
pling field is reduced, and the increase of the cou- 
pling field H|„ accompanying the thickness reduction of 
the middle layer is inhibited. 
[0051] In tiie first magnetoresistive film manufacture 
method of the present Invention, the plasma oxidation 
step preferably includes a step of oxidizing the metal lay- 
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er, and a part of the free magnetic material layer on the 
side of the metal layer. 

[0052] In the prior art, an oxide film is sometimes 
formed on the free magnetic layer by natural oxidation, 
but it is difficult to form the oxide film with a controlled 
desired thickness depending on the natural oxidation. 
Moreover, although the oxide film can be fomried directly 
on the free magnetic layer by performing plasma oxida- 
tion, in the direct plasma oxidation, by excessively 
strong oxidation, it is still difficult to form the oxide film 
with the controlled desired thickness. 
[0053] On the other hand, since the first magnetore- 
sistive manufacture method comprises forming the nnet- 
al layer on the free magnetic material layer comprising 
the material constituting the free nnagnetic layer, and ox- 
idizing a part of the free magnetic material layer through 
the metal layer by the plasma oxidation step, during for- 
mation, the oxide layerfabricated by oxidation of the free 
magnetk: material layer can be controlled to provide the 
desired thickness. Moreover, by fomning the oxide layer 
whose thickness is controlled, the coupling field H|n can 
be controlled. 

[0054] Furthemnore, in the first magnetoreslstive film 
manufacture method of the present invention, the metal 
layer laminated in the metal layer lamination step pref- 
erably includes copper or a copper alloy. 
[0055] In this metal layer of copper or copper alloy, 
control of the coupling field Hj^ is effectively perfomied. 
[0056] Moreover, in the first magnetoreslstive film 
manufacture method, the plasma oxidation step is pref- 
erably performed simultaneously with lamination of a 
new layer on the metal layer. 

[0057] In the first magnetoreslstive film manufacture 
method including the lamination of the new layer, the 
new layer preferably comprises the oxide. 
[0058] In the first magnetoreslstive film manufacture 
method including the lamination of the new layer confi- 
prising the oxide, the new layer may comprise AI2O3. 
[0059] By laminating the oxide, and the like on the 
metal layer by sputtering or the like in this manner, for 
example, the new layer having a function of protecting 
the metal layer Is fomned, and additionally the metal lay- 
er can be oxidized. 

[0060] In the first magnetoreslstive film manufacture 
method of the present Invention, the plasma oxidation 
step is preferably performed in an atmosphere Including 
at least one of Ar and oxygen. 
[0061] When the plasma oxidation step includes, for 
example, a step of laminating the new layer comprising 
the oxide onto the metal layer by sputtering or the tike, 
even with the sputtering perfomned in the atmosphere 
including Ar but Including no oxygen, the metal layer is 
plasma-oxidized. 

[0062] Moreover, when the plasma oxidation step 
does not include the step of lamination of the new layer, 
the atmosphere including oxygen is used to perfomi the 
plasma oxidation. 

[0063] Furthermore, in the atmosphere of mixture of 



Ar and oxygen, the thickness of the oxide layer can be 
controlled by change of a mixture ratio, and the like. 
[0064] Additionally, even when the plasma oxidation 
step is performed simultaneously with the lamination of 

5 the oxide, by perfomiing the step In the atmosphere In- 
cluding oxygen, the coupling field of the magnetore- 
slstive film manufactured by the first magnetoreslstive 
film manufacture method tends to be reduced. 
[0065] In the first magnetoreslstive film manufacture 

10 method of the present invention, in the metal layer lam- 
ination step, the metal layer is preferably formed In a 
thickness of 1 0 angstroms or more. 
[0066] In the magnetoreslstive film manufactured by 
forming the metal layer in the thbkness of 1 0 angstroms 

IS or more, as described later In the example, the reduction 
of the coupling field H,n can effectively be perfomned. 
[0O67] Moreover, in the first magnetoreslstive film 
manufacture method of the present invention, in the 
plasma oxidation step, the free magnetk: material layer 

^ is preferably oxidized to a depth of 5 angstroms or more 
in a thickness direction from a metal layer side. 
[0068] When the free magnetic material layer is oxi- 
dized to the depth of 5 angstroms or more, as described 
later in the example, the coupling field H|,^ is small, and 

25 the specular reflection of the conductive electron is sat- 
isfactorily performed on an interface of the free magnetic 
material layer between an oxidized portion and a non- 
oxidized remaining portion. 

[0069] Moreover, in the first magnetoreslstive film 
30 manufacture method of the present invention, for the en- 
tire thtekness of the free magnetic material layer, the 
thickness of the portion whteh has not been oxidized In 
the plasma oxidation step Is preferably 30 angstroms or 
less. 

35 [0070] As described above, In the magnetoreslstive 
film in which for the thickness of the free magnetb layer, 
that Is, the entire thk^kness of the free magnetic material 
layer, the thickness of the non-oxidized portion is 30 
angstroms or less, the specular reflection of the conduc- 

40 tlve electron on the interface of the free magnetic mate- 
rial layer between the oxidized portion and the non-ox- 
klized remaining portion largely contributes to the in- 
crease of the resistance change Ap/t. 
[0071] The invention also provides a method of man- 

45 ufacturing a magnetoreslstive film as a multllayered film 
including: a pinned magnetic layer having magnetiza- 
tion whose direction is fixed; a nonmagnetic middle layer 
formed on the pinned magnetic layer; and a free mag- 
netic layer fomried on the middle layer and provided with 

50 magnetization whose direction changes in accordance 
witii an external magnetic field, and Indicating a magni- 
tude of resistance in accordance with an angle fomned 
by the magnetization direction of the pinned magnetic 
layer and the magnetization direction of the free mag- 

55 netic layer. 

[0072] The method Includes: a free magnetic material 
layer lamination step of laminating a free magnetic ma- 
terial layer comprising a material constituting the fi^ee 
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magnetic layer on the middle layer; 

an oxidation control layer lamination step of lami- 
nating a predetemiined oxidation control layer on 
the free magnetic material layer laminated In the 
free magnetic material layer lamination step; and 
a plasma oxidation step of exposing the oxidation 
control layer laminated by the oxidation control lay- 
er lamination step to oxygen in a plasma state to 
oxidize the free magnetic material layer to a prede- 
temiined depth in a thiclcness direction from an ox- 
idation control layer side through the oxidation con- 
trol layer. 

[0073] The oxidation control layer corresponds, for 

example, to the metal layer laminated in the metal layer 
lamination step in the first magnetoresistive film manu- 
facture method of the present invention, but this is not 
limited, and any layer may be used as long as the free 
magnetic material layer is oxidized to the predetermined 
depth in the thickness direction from the oxidation con- 
trol layer side through the oxidation control layer by ex- 
posure to oxygen in the plasma state. In the second 
magnetoresistive film manufacture method, since the 
oxidized thickness of the free magnetic material layer is 
controlled by the oxidation control layer, the magnetore- 
sistive film controlled to have a small coupling field IHi^ 
is manufactured. 

[0074] A pretended embodiment of the present inven- 
tion will now be described, by way of example only, with 
reference to the accompanying drawings, in which: 

Fig. 1 is a schematic view of a hard disk drive ac- 
cording to an embodiment of the present invention, 
Fig. 2 Is a main part perspective view of a magnetic 
head of the embodiment of Rgure 1 , 
Fig. 3 is a sectional view of one embodiment of mag- 
netoresistive film in accordance with the present in- 
vention, 

Fig. 4 is a sectional view of another embodiment of 
the magnetoresistive film in accordance with the 
present invention, 

Fig. 5 is a sectional view of a known magnetoresis- 
tive film, 

Fig. 6 is a diagram showing an embodiment of mag- 
netoresistive film fomning apparatus in accordance 
with the present invention, 
Fig. 7 is a graph showing dependence of a resist- 
ance change Ap/t of the magnetoresistive film on a 
thickness of a middle layer, 
Fig. 8 is a graph showing the dependence of a cou- 
pling field H|„ of the magnetoresistive film on the 
thickness of the middle layer, 
Fig. 9 is a graph showing the dependence of the 
resistance change Ap^ of the magnetoresistive film 
on the thickness of a copper oxide layer, 
Fig. 1 0 is a graph showing the dependence of a co- 
ercive force He of the magnetoresistive film on the 



thickness of the copper oxide layer, and 
Fig. 11 is a graph showing the dependence of the 
coupling field H|„ of the magnetoresisth/efilm on the 
thickness of the copper oxide layer 

5 

[0075] Fig. 1 is a schematic view of an embodiment 
of hard disk drive In accordance with the present inven- 
tion. 

[0O76] A hard disk drive (HDD) 100 shown in Fig. 1 

10 corresponds to an infomnation regeneration apparatus. 
A housing 101 of the HDD 100 shown In Fig. 1 contains: 
a rotation shaft 1 02; a magnetic disk 1 03 attached to the 
rotation shaft 102; a floating head slider 104 disposed 
close to and opposite to the surface of the magnetk: disk 

IS 1 03; an ami shaft 1 05; a carriage arm 1 06, provided with 
the floating head slider 1 04 fixed to a tip end thereof, for 
horizontally moving on the magnetb disk 103 centering 
on the ann shaft 1 05; and an actuator 1 07 for driving the 
horizontal movement of the carnage ami 1 06. 

20 [0077] The HDD 100 performs recording of infonma- 
tion in the magnetic disk 103, and regeneration of the 
infonnation recorded in the magnetic disk 103. During 
the recording and regeneration of the infomnation, first 
the actuator 1 07 constituted of a magnetic circuit drives 

25 the caniage anm 1 06, and the floating head slider 1 04 
is positioned in a desired track on the rotating magnetk: 
disk 103. A magnetb head, not shown in Fig. 1 , of the 
present embodiment is mounted on the tip end of the 
floating head slider 104. The magnetic head corre- 

30 spends to a magnetoresistive head of the present inven- 
tion. The magnette head successively approaches re- 
spective one-bit regions arranged on respective tracks 
of the magnetic disk 1 03 by rotation of the magnetb disk 
103. During the information recording, an electric re- 

35 cording signal is input to the magnetic head disposed in 
the vicinity of the magnetic disk 103 in this manner, the 
magnetic head applies a magnetic field to each of the 
one-bit regions in response to the recording signal, and 
the information carried by the recording signal is record- 

40 ed in the fomn of a magnetization direction of the one- 
bit region. Moreover, during the information regenera- 
tion, the magnetic head extracts the information record- 
ed in the fomn of the magnetization direction of each 
one-bit region as an electric regeneration signal gener- 

45 ated in accordance with the magnetic field generated 
from magnetization. An inner space of the housing 101 
is closed by a cover (not shown). 
[0078] The magnetic head of the present embodiment 
will next be described. 

so [0079] Fig. 2 is a main part sectional view of the mag- 
netic head of the present embodiment. 
[0080] A magnetic head 30 of the present embodi- 
ment is a composite magnetic head provided with a re- 
cording section for recording the infomnation in the mag- 

55 netic disk 103 and a regeneration section for regener- 
ating the infonnation. and only the regeneration section 
Is shown in Fig. 2. Fig. 2 is a sectional view of the re- 
generation section of the magnetic head cut along a 
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plane parallel to the plane of the niagnetic disk 103 
shown in Fig. 1 . 

[0081 ] The magnetic head 30 includes a nonmagnetic 
substrate 21 , a lower shield layer 22 fomned on the non- 
magnetic substrate 21, a lower insulation layer 23 
formed on the lower shield layer 22, a magnetoresistive 
film 10 formed on the lower Insulation layer 23, a pair of 
left and right magnetic domain control layers 24 fomned 
on the lower insulation layer 23 to hold the magnetore- 
sistive film 10 from both sides, a pair of left and right 
electrodes 25 formed on the pair of left and right mag- 
netic domain control layers 24, an upper insulation layer 
26 fomned on the pair of left and right electrodes 25 and 
magnetoresistive film 10, and an upper shield layer 27 
fomned on the upper insulation layer 26. The recording 
head is formed on the upper shield layer 27. 
[0082] The substrate 21 Is constituted by fomning an 
Si film or an Si02 film on a substrate fomned, for exann- 
ple, of alumina titanium carbide (AI2O3-TIC). 
[0083] Each of the lower shield layer 22 and upper 
shield layer 27 is a layer fomned, for example, of FeN or 
another soft magnetic material with a thickness of 1 .6 
^m, and magnetically shields the magnetoresistive film 
1 0 in such a manner that an unnecessary external mag- 
netic field falls to be applied to the magnetoresistive film 
10. 

[0084] Each of the lower insulation Iayer23 and upper 
insulation layer 26 is a layer fomned, for example, of alu- 
mina (AI2O3) or another insulation material with a thick- 
ness of 50 nm, and prevents a current leak from the 
magnetoresistive film 1 0, magnetic domain control layer 
24, and the pair of electrodes 25. 
[0085] The magnetic domain control layer 24 is a layer 
formed, for example, of Co-Pt alloy, Co-Cr-Pt alloy or 
another material Indteating a hard magnette property, 
and applies a static magnetic field and a bias magnetic 
field by exchange interactton to the magnetoresistive 
film 10. Here, the magnetic domain control layer 24 is 
laminated to provide the same height as that of the mag- 
netoresistive film 10. 

[0086] The electrode 25 is fomned, for example, of 
conductive materials such as a multi layered film of Ta/ 
(Tl-WyTa consisting of two Ta layers and a Ti-W alloy 
held between these Ta layers, and applies a sense cur- 
rent to the magnetoresistive film 1 0 via the magnetic do- 
main control layer 24. The regeneration signal is extract- 
ed from the pair of electrodes 25. 
[0087] The magnetoresistive film 1 0 is a portion hav- 
ing a function of information regeneration of the mag- 
netic head 30. Specifically, the resistance of the mag- 
netoresistive film 1 0 changes In accordance with the 
magnetic field generated from the magnetization of 
each one-bit region of the magnetic disk 1 03. Since the 
electrode 25 applies the sense current to the magne- 
toresistive film 10 as described above, the information 
carried by the magnetization direction of each one-bit 
region Is extracted as the electric regeneration signal by 
the resistance change. 



[0088] A characteristic of the present invention lies in 
a structure of the magnetoresistive film 1 0. The structure 
of the magnetoresistive film 1 0 will next be described. 
[0089] Fig. 3 is a sectional view of one example of the 

5 magnetoresistive film of the present ennbodlment. 
[0090] The magnetoresistive film 10 shown in Fig. 3 
is a spin valve magnetoresistive film, and is constituted 
of: an underiayer 1 fomned on the lower insulation layer 
23 shown in Figs. 2, 3; an antiferromagnetic layer 2 

10 formed on the underiayer 1 ; a pinned layer 3 formed on 
the antiferromagnetic layer 2; a middle layer 4 fomned 
on the pinned layer 3; a free layer 5 formed on the middle 
layer 4; an oxide layer 6 formed on the free layer 5; a 
copper oxide layer 7 formed on the oxide layer 6; and a 

IS protective layer 8 fomned on the copper oxide layer 7. 
[0091] The underiayer 1 is constituted, for example, 
by fomning a second underiayer 1_2 of an Ni-Fe alloy 
with a thickness of 16 angstronns on an underiayer 1_1 
of Ta with a thickness of 50 angstroms. The second un- 

20 derlayer 1_2, formed on the first underiayer 1_1 of Ta, 
has an fee structure and is oriented in (111) direction. 
[0092] The antiferromagnetic layer 2 is a layer 
formed, for example, of a Pd-R-Mn alloy or another an- 
tifen^omagnetic material with a thickness of 150 ang- 

25 stroms. The antlfemomagnetic layer 2 applies an ex- 
change bias magnetic field accompanying an exchange 
coupling of the pinned layer 3. 

[0093] The pinned layer 3 is here constituted of a soft 
magnetic layer 3_1 and a second soft magnetic layer 

30 3_3 indk»ting soft magnetic properties, and a pin-cou- 
pled layer 3_2, held between these soft magnetic layers 
In a film thickness direction, for coupling magnetization 
of the soft magnetic layers in opposite directions. 
[0094] The first soft magnetic layer 3_1 is, for exam- 

35 pie, a layer of an Co-Fe-B alloy with a thickness of 15 
angstroms, and the second soft magnetic layer 3_3 is, 
for example, a layer of the Co-Fe-B alloy with a thick- 
ness of 25 angstroms. Moreover, the pin-coupled layer 
3_2 is, for example, a layer of Ru with a thickness of 7.5 

40 angstroms. 

[0095] For the soft magnetk: layer 3_1 of the pinned 
layer 3, the magnetization is fixed by the exchange bias 
magnetic field applied by the antiferromagnetic layer 2 
in a direction vertical to a sheet surface of the Fig. 2, 

45 tiiat is, a height direction of the magnetoresistive film 
which connects the pair of electrodes 25 shown in Fig. 
2 to each other, which Is vertical to a longitudinal direc- 
tion of the magnetoresistive film and which is parallel to 
the respective layers such as the pinned layer. 

50 [0096] On the other hand, forthe second soft magnet- 
te layer 3_3 of the pinned layer 3, the magnetization is 
fixed by the pin-coupled layer 3_2 in such a manner that 
the magnetization is directed In a direction opposite to 
the magnetization direction of the first soft magnetic lay- 

55 er 3_1 . S ince the magnetization of the first soft magnetic 
layer 3.1 and the magnetization of the second soft mag- 
netic layer 3_3 are fixed In such a manner that the mag- 
netizations are directed in the opposite directions, a 
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magnitude of the magnetization of the entire pinned lay- 
er 3 is small. Since the magnetization is small, the mag- 
netization of the pinned layer 3 is not easily influenced 
by the magnetic field from the outside, the magnetiza- 
tion is stabilized and pinned, and a diamagnetic field 
which disorders a signal magnetic field H^ig from the 
magnetic disk 103 is minimized. 
[0097] The middle layer 4 is a layer fomied, for exam- 
ple, of Cu or another nonmagnetic metal with a thick- 
ness of 22 angstroms, and serves as a spacer for sep- 
arating the pinned layer 3 from the free layer 5. 
[0098] The free layer 5 is a layer f omned, for example, 
of a Co-Fe-B alloy or another soft magnetic material with 
a thbkness of 15 angstroms. The Co-Fe-B alloy fails to 
easily diffuse mutually with Cu constituting the middle 
Iayer4, and is therefore preferable as the material of the 
free layer 5 formed on the middle layer 4. 
[0099] The free layer 5 is fomned of the soft magnetic 
material in this manner, and Its magnetization is not 
pinned. Therefore, the magnetization rotates Iri a layer 
surface in accordance with the magnetic field from the 
magnetization of each one-bit region of the magnetic 
disk 103. Sheet resistance of a first magnetoresistive 
film 10_1 largely changes by a so-called giant magne- 
toresistive effect in accordance with an angle fomned by 
the magnetization of the free layer 5 and the fixed mag- 
netization of the pinned layer 3. For example, when the 
resistance indicates a minimum value when these mag- 
netizations are directed in the same direction, and indi- 
cates a maximum value when these magnetizations are 
directed in opposite directions. A difference between the 
maximum value and the minimum value constitutes the 
resistance change Ap/t, and the regeneration signal is 
output through the sense current by the resistance 
change Ap/t. 

[0100] In general, for a conductive electron in the 
magnetoresistive film, an average free stroke by usual 
scattering not dependent on spin is about 60 angstroms. 
When the thbkness of the free layer 5 is 30 angstroms 
or more, the conductive electron is easily scattered be- 
fore specularly reflected by an Interface between the 
free layer 5 and the copper oxide layer 7 or the like, and 
a specular reflection effect fails to effectively occur. On 
the other hand, in the magnetoresistive film 1 0 in which 
the thickness of the free layer 5 Is 30 angstroms or less, 
a magnetoresistive effect effectively occurs. Therefore, 
the free layer 5 preferably has a thickness of 30 ang- 
stroms or less. 

[0101] Moreover, the free layer 5 is provided with a 
single magnetic domain by the bias magnetic field ap- 
plied by the magnetic domain control layer 24. There- 
fore, in the magnette head 30 including the free layer 5, 
Barichausen noise generated in the regeneration signal 
accompanying a moving magnetic wail is inhibited from 
occurring. 

[0102] The oxide layer 6 is constituted of oxidizing a 
layer of the material constituting the free layer 5, and is, 
for example, a layer obtained by oxidizing a layer of the 



Co-Fe-B alloy with a thickness of 20 angstroms. 
[01 03] The copper oxide layer 7 is a layer of an oxide 
including a copper element, and is, for example, a layer 
of Cu^.jjOy (0 < X < 1 ) with a thickness of 1 5 angstroms. 

s [0104] The protective layer 8 is high in anticonroslon, 
physically and chemically protects the copper oxide lay- 
er 7, and is here a layer of Ai203 with a thickness of 30 
angstroms. The protective layer is preferably fomied of 
oxide to prevent further oxygen from entering the copper 

10 oxide layer 7. Moreover, AI2O3 is high in antk:orrosion 
and strong in coupling with oxygen, and is therefore 
preferable as the material of the protective layer 8. 
[0105] Additionally, the aforementioned respective 
layers are preferably provided with ttie thbkness illus- 

is trated In the present specif teatlon and formed of the ma- 
terials illustrated in the present specification, but the lay- 
ers are not necessarily limited to the thickness and ma- 
terials. 

[0106] Among the respective layers constituting the 
20 magnetoresistive film 1 0 of the present embodiment, the 
oxide layer 6 and copper oxide layer 7 are characteristic 
layers of the present embodiment. Additionally, different 
from the magnetoresistive film 1 0, another magnetore- 
sistive film 1 0' of the present embodiment provided with 
25 no oxide layer 6 among the oxide layer 6 and copper 
oxide layer 7 also produces action and effect similar to 
those of the magnetoresistive film 1 0 as described later. 
A constitution of the magnetoresistive film 10' will next 
be described. Moreover, for comparison with these 
30 magnetoresistive fi Ims 10,10' after a conventional mag- 
neto resistive film will be described with reference to Fig. 
5, functions of these oxide layer 6 and copper oxide lay- 
er 7 will be described. 

[0107] Fig. 4 is a sectional view of another embodi- 
35 ment of magnetoresisth^e film of the present invention. 
[0108] The magnetoresistive film 10 shown in Fig. 4 
is different from the magnetoresistive film 10 shown In 
Fig. 3 in that the oxide layer 6 is absent, and the copper 
oxide layer 7 of copper oxide is formed directly on a free 
40 layer 5' formed of the same material as that of the free 
layer 5. IHere, the thtekness of the free layer 5 Is the 
same as a sum of the thtekness of free layer 5 and thick- 
ness of oxide layer 6 in the magnetoresistive film 10 of 
the Fig.3 embodiment, that is, 35 angstroms. Additbn- 
^ ally, the respective layers constituting the magnetore- 
sistive film 10' fulfill the same functions as those of the 
respective con-esponding layers constituting the nnag- 
netoresisttve film 10. and produce the same action/ef- 
fect. 

50 p)i09] Fig. 5 Is a sectional view of a known magne- 
toresistive film. 

[0110] A magnetoresistive film 20 shown in Fig. 5 is 
a spin valve magnetoresistive film, and is different from 
the magnetoresistive film 1 0' shown in Fig. 4 in that a 
55 protective layer 1 8 of Ta is formed directly on a free layer 
1 5 of the same material as that of the free layer 5'. Here, 
the thickness of the free layer 1 5 is the same as that of 
the free layer 5' in the magnetoresistive film 1 0' that is, 
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35 angstroms. The thickness of the protective iayer 18 
is 50 angstronDs. 

[01 1 1 ] Additionally, in general, magnetoresistive films 
including the known magnetoresistive film 20 and mag- 
netoresistive films 1 0. 1 0' of the present invention, since 
an excessive shunt current not contributing to the mag- 
netoresistive effect flowing through the middle layer 4 is 
reduced to enhance the resistance change Ap/t, thin- 
ning of the middle layer 4 is demanded as described 
above. However, in the known magnetoresistive film 20, 
when the thickness of the middle layer 4 is reduced, a 
coupling field H^j^ increases, and an unnecessary devi- 
ation is generated by the coupling field i-lj^ in the angle 
fonmed by the free layer magnetization and the pinned 
layer magnetization. 

[01 12] In general, a resistivity of the magnetoresistive 
film preferably changes linearly with respect to a change 
of signal magnetic field IH^jg, and In order to realize the 
linear change, it is ideal to fomn an angle of 90^ by the 
magnetization directions of the pinned layer and free 
layer while no signal magnetic field is applied to the 
magnetoresistive film. In the known magnetoresistive 
film 20, however, since the coupling field Hj^ is large, the 
angle easily deviates from 90^. When the angle deviates 
from 90* in this manner, an output voltage of the mag- 
netoresistive head using the magnetoresistive film 20 
fails to linearly respond to an input of signal magnetic 
field Hgjg, and strain of a regeneration waveform of the 
output voltage and other troubles easily occur. 
[01 1 3] On the other hand. In the magnetoresistive film 
10', the copper oxide layer 7 is fomied on the free layer 
5', and this copper oxide layer 7 influences coupling be- 
tween the magnetization of the free layer 5 and the mag- 
netization of the pinned layer 3. Therefore, in the mag- 
netoresistive film 10', as described later in the example, 
the coupling field Hj„ is small, and the increase of the 
coupling field Hj^ accompanying the thickness reduction 
of the middle layer 4 is Inhibited. 
[01 1 4] Moreover, for the magnetoresistive film 1 0' , by 
the presence of the copper oxide layer 7, specular re- 
flection occurs on the interface between the free layer 
5' and the copper oxide layer 7, and a large resistance 
change Ap/t Is generated as described later in the ex- 
ample. 

[0115] Furthermore, In the magnetoresistive film 10, 
the copper oxide layer 7 is fomried on the free layer 5 
via the oxide layer 6, and the oxide iayer 6 and copper 
oxide layer 7 influence the coupling between the mag- 
netization of the free layer 5 and the magnetization of 
the pinned layer 3. Therefore, in the magnetoresistive 
film 10, as described later in the example, the coupling 
field H(j, is small, and the increase of the coupling field 
accompanying the thickness reduction of the middle 
layer 4 is inhibited. 

[01 16] Moreover, for the magnetoresistive film 1 0, by 
the presence of the oxide layer 6 and copper oxide layer 
7, the specular reflection occurs in the interfaces be- 
tween the free layer 5 and the oxide layer 6 and between 



the oxide layer 6 and the copper oxide layer 7, and the 
large resistance change ApA Is generated as described 
later in the example. 

[01 1 7] Here, in the magnetoresistive films 10,1 0', the 

s oxide layer 6 and copper oxide layer 7 sometimes allow 
the coupling field H|„ for directing the magnetization of 
the pinned layer 3 and the magnetization of the free lay- 
ers 5, 5' in opposite directions, that is, the coupling field 
H|n with a negative value to act between the magnetiza- 

10 tions. In this case, the oxide layer 6 and copper oxide 
layer 7 correspond to a coupling layer. 
[0118] Even for the known magnetoresistive film, 
when the middle layer 4 is suffteiently thick, the value of 
the coupling field H|„ becomes negative in some cases. 

IS However, forthe magnetoresistive film heretofore put to 
practical use, thethbkness of the middle layer is 34 ang- 
stroms or less. When the thickness of the middle layer 
4 is 34 angstroms or less, the coupling field H|„ with a 
positive value acts on the magnetoresistive film. In this 

20 thickness range, the coupling field H|n is increased by 
reducing the middle layer thickness. On the other hand, 
in the magnetoresistive films 1 0, 1 0' in accordance with 
the present invention, even when the thickness of the 
middle layer 4 is 34 angstroms or less, the value of the 

25 coupling field Hj^ becomes negative. Therefore, the val- 
ue of the coupling field Hj^ can be brought close to zero 
by reducing the thickness of the middle layer 4. 
[0119] The magnetoresistive head 30 employing the 
magnetoresistive films 10, 10' of the aforementioned 

30 embodiments has a large resistance change ApA, the 
increase of the excessive coupling field H|n accompany- 
ing the thk^kness reduction of the middle layer 4 is in- 
hibited, the value of the coupling field H|n can be brought 
close to zero depending on the situation, and therefore 

35 the high-output magnetic head with the inhibited regen- 
eration waveform strain is provided. 
[0120] Moreover, since the high-output magnetore- 
sistive head 30 with the inhibited regeneration waveform 
strain Is employed in this manner, the HDD 100 is high 

40 in sensitivity for detecting the magnetization direction of 
each point of a magnetk: recording medium, and suita- 
ble for regeneration of the information recorded in high 
density on the magnetic recording medium. 
[01 21 ] An embodiment of magnetoresistive film man- 

^ ufacture method for manufacturing these magnetoresis- 
tive films 1 0, 1 0' will next be described with reference to 
Fig. 6. 

[01 22] Fig. 6 is a diagram showing a magnetoresistive 
film fomiing apparatus in accordance with an embodi- 

50 ment of the present invention . 

[01 23] A magnetoresistive film forming apparatus 40 
shown in Fig. 6 includes a main chamber31 , an insulator 
chamber 32 and a valve 33, and is an apparatus for per- 
forming sputtering in these chambers to form the mag- 

55 neto resistive film. Here, for example, Ar gas is intro- 
duced Into the main chamber 31 , and pure oxygen gas 
Is Introduced into the insulator chamber 32. In addition 
to the oxygen gas, for example, Ar gas or mixture gas 
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of Ar gas and oxygen gas is introduced into the insulator 
chamber 32. A passage for connecting the main cham- 
ber 31 to the insulator chamber 32 is disposed between 
the chambers, and the openable/closable valve 33 Is 
disposed in the passage. s 
[01 24] A process of formation of the magnetoresistive 
filn^ 10, 10' will be described hereinafter 
[01 25] First, for the main chamber 31 a substrate (not 
shown) is prepared. In order to experimentally fomn the 
magnetoresistive film, the substrate is, for exannple, an io 
Si/Si02 substrate. Moreover, when the magnetoresis- 
tive film constituting the magnetic head 30 is formed, the 
substrate is a multilayered film of the aforementioned 
nonmagnetic substrate 21/lower shield layer 22/lower 
Insulation layer 23. is 
[0126] On the substrate (not shown), as shown In Fig. 
6, first the underlayer 1 constituting the magnetoresis- 
tive film 10, 10' antifen-omagnetic layer 2, pinned layer 
3, and middle layer 4 are fomfied in this order in Ar gas 
by sputtering, and the Illustrated materials of the respec- ^ 
tlve layers are continuously laminated in the illustrated 
thickness by DC magnetron sputtering tofomri these lay- 
ers. 

[0127] Subsequently, similarly by DC magnetron 
sputtering, a layer of a Co-Fe-B alloy with a thickness 25 
of 35 angstroms, which is equivalent to the free layer 5' 
of the magnetoresistive film shown in Fig. 4, is fomned 
on the middle layer 4 laminated as described above, and 
further a Cu layer 7 formed of Cu with a thickness of 15 
angstronns Is fonned on the layer equivalent to the free 30 
layer 5'. The layer equivalent to the free layer 5' fonns 
the free layer 5' unless it is oxidized, and corresponds 
to the free magnetic material layer referred to in the 
present invention. This layer equivalent to the free layer 
5' will be hereinafter refen-ed to simply as the free layer 3s 
5*. Moreover, the Cu layer T corresponds to the metal 
layer and oxidation control layer refen^ed to In the 
present invention. 

[01 28] The multilayered film formed up to the Cu layer 
T in this manner on the substrate is transferred to the 
insulator chamber 32 from the main chamber 31 by 
opening the valve 33, and the vah/e 33 is closed again. 
Moreover, AI2O3 is laminated by 30 angstroms on the 
Cu layer 7 of the multilayered film by RF magnetron 
sputtering in the Insulator chamber 32, and the protec- ^ 
tlve layer 8 of the magnetoresistive film 10,10' is fonned. 
[0129] In the process of lamination of AI2O3, the Cu 
layer T is exposed to oxygen in the plasma state and 
plasma-oxidized, oxygen enters the Cu layer/, and this 
Cu layer 7' changes to the copper oxide layer 7 of copper 50 
oxide. The magnetoresistive film 10' shown In Fig. 4 Is 
formed by patterning the multilayered film formed up to 
the copper oxide layer 7 in a predetenmined element 
shape. 

[01 30] Moreover, as shown in Fig. 6, in the process of ss 
lamination of AI2O3, since the Cu layer 7' Is strongly ox- 
idized, the Cu layer 7* Is entirely oxidized to change to 
the copper oxide layer 7 and additionally only a part of 



the free layer 5' is plasma-oxidized In a laminar state in 
a thickness direction. Specifically, oxygen passes 
through the Cu layer 7 and further enters a part of the 
free layer 5*. Subsequently, the oxide layer 6 is fomied 
by oxidizing a predetemnlned thickness from the side of 
tiie interface of the free layer 5' in contact with the Cu 
layer 7*. A non-oxidized remaining portion of the free lay- 
er 5' constitutes the free layer 5. By patterning the mul- 
tilayered film with the oxide layer 6 and copper oxide 
layer 7 formed therein in the predetenmined element 
shape In this manner, the magnetoresistive film 10 
shown in Fig. 3 Is fomned. 

[0131] In the known art, the oxide film is sometimes 
formed on the free layer by natural oxidation, but It is 
difficult to form the oxide film with a controlled desired 
thickness by the natural oxidation. Moreover, the oxide 
film can be fonned on the free layer by directly perfonn- 
ing plasma oxidation, but the direct plasma oxidation re- 
sults In excessively strong oxidation. Therefore, ft is dif- 
ficult to form the oxide film which is controlled to have 
the desired thickness, and there is a possibility that an 
oxide film interface state becomes defective. 
[01 32] On the other hand, the Cu layer 7' Is fonned on 
the free layer 5' by film formation of the magnetoresistive 
film by the magnetoresistive film fonning apparatus 40, 
and a part of the free layer 5' is oxidized through the Cu 
layer 7* by a plasma oxidation process. Therefore, the 
oxide layer 6 obtained by oxidizing a part of the free layer 
5' can be fonned while control Is perfonned in order to 
provide the desired thbkness. Moreover, by forming the 
oxide layer 6 while controlling the thickness, the cou- 
pling field H|„ can be controlled. Furthermore, since the 
oxidation is moderately performed, the interface be- 
tween the oxide layer 6 and free layer 5 is considered 
to be satisfactory. 

[01 33] Since the Cu layer 7' has a function of control- 
ling oxidation degree of the free layer 5' as described 
above, a certain degree of thickness or more is neces- 
sary. In other words, in orderto appropriately control the 
oxidation degree and effectively reduce the coupling 
field H|„ In the magnetoresistive film 10,10' the copper 
oxide layer 7 obtained by oxidizing the Cu layer 7* needs 
to have a certain degree of thickness or more. As seen 
later from the example, the copper oxide layer 7 prefer- 
ably has a thickness of 1 0 angstroms or more. There- 
fore, similarly, the Cu layer T also preferably has a thick* 
ness of 10 angstroms or more. 
[0134] Moreover, by performing the oxidation of the 
free layer 5' to a depth of 5 angstroms or more, the oxide 
layer 6 preferably has a thickness of 5 angstroms or 
more. Usually, like the interface between the free layer 
5' and the copper oxide layer 7, that Is, the interface be- 
tween the oxide layer 6 and the copper oxide layer 7, 
the interface of two layers formed by lamination usually 
has a roughness of about 5 angstroms, but like the in- 
terface between the oxide layer 6 and the non-oxidized 
remaining free layers, the Interface fonned by oxidation 
is considered to constitute a smooth Interface. 
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[0135] For the magnetoreslstive film 10, since the 
thickness of the oxide layer 6 is 5 angstroms or more, 
substantially the entire interface between the oxide layer 
6 and free layer 5 becomes smooth, the coupling field 
H|„ decreases, and the specular reflection of the con- 
ductive electron is considered to be satisfactorily per- 
fomned on the interface. As described later in the exam- 
ple, actually, when the oxide layer 6 has a thickness of 

5 angstroms or nnore, the Inhibition of the Increase of 
the coupling field M|„ is effectively perfomned, and the 
resistance change Ap/t indk:ates a further large value. 
[0136] Additionally, in the aforementioned magne- 
toreslstive film manufacture method, the inside of the 
insulator chamber 32 is a pure oxygen atmosphere, but 
when the oxides such as Ai203 are laminated In the in- 
sulator chamber 32, an Ar gas atmosphere may be 
used, and a part of oxygen generated by sputtering 
AI2O3 plasma-oxidizes the Cu layer 7 and free layer 5'. 
[0137] Moreover, the inside of the insulator chamber 
32 may be an atmosphere of mixture gas of oxygen and 
Ar, and in this case, by changing a mixture ratio, the ox- 
idation degree of the Cu layer T and further the thick- 
ness of the oxide layer 6 can be controlled. 

[01 38] Even when the plasma oxidation is perfomned 
simultaneously with the lamination of the oxides such 
as AI2O3 in the insulator chamber 32, the coupling field 
Hi„ of the finally formed magnetoreslstive film tends to 
be reduced in the atmosphere including oxygen in the 
insulator chamber 32, rather than in the pure Ar gas at- 
mosphere. 

[01 39] Moreover, even when the lamination of the ox- 
ides such as AI2O3 fails to be performed, the plasma 
oxidation of the Cu layer 7' and free layer 5' is perfomried 
by setting the inside of the insulator chamber 32 to the 
atmosphere including oxygen. 
[01 40] Additionally, the oxkiation state of the Cu layer 
7* or the free layers* is influenced by introduced power 
during sputtering, additionally gas pressure and gas 
mixture ratio, material and thickness of the protective 
layer 8, material and thickness of the copper oxide layer 
7, and other conditions. The thickness of the oxide layer 

6 can also be changed by adjusting these conditions. 
[01 41 ] Moreover, instead of the Cu layer T a layer of 
a metal other than Cu may be laminated on the free layer 
5. Even when the layer of the metal other than Cu is 
laminated on the free layer 5, the oxidation of the free 
layer 5' Is considered to be appropriately controlled by 
the layer of the metal. Additionally, when the layer of Cu 
is fomned on the free layer 5' as shown in the example, 
the coupling field Wy^ can actually be minimized as a re- 
sult, and the layer of Cu or an alloy including Cu is pref- 
erably formed on the free layer 5'. 

[01 42] Additionally, the film f onnation of the protective 
layer 8 can also be performed by subjecting a metal tar- 
get to reactive sputtering in the mixture gas of Ar and 
oxygen. 

[0143] Moreover, a film forming method is not limited 
to sputtering, and any means may be used as long as 



the oxidation of the free layer 5' can be controlled 
through the oxidation of the layer of the metal laminated 
on the free layer 5*. 

5 Examples 

[01 44] The invention may be illustrated further by con- 
sideration of the following examples: 



[01 45] Measurement results of the resistance change 
ApA of the magnetoreslstive film and measurement re- 
sults of a change of the coupling field with respect 
f5 to the middle layer thickness will be described hereinaf- 
ter. 

[0146] The measurement was performed with respect 
to seven samples of the magnetoreslstive film 1 0 of the 
embodiment shown in Fig. 3. iHere, the respective seven 

^ samples have the middle layers 4 of Cu with respective 
different thickness values between 18 angstroms and 
30 angstroms, and the respective layers other than the 
middle layer 4 are provided with the illustrated thickness 
and materials of the magnetoreslstive film 10 of the 

25 present embodiment for all the samples. 

[0147] For these samples, the films were formed in 
the method described in the embodiment by the mag- 
netoreslstive film forming apparatus 40 shown in Fig. 6. 
IHere, an Si/Si02 substrate was used as the substrate 

30 for fomrilng the magnetoreslstive film, and each target 
for use In sputtering had a diameter of 5 cm. Moreover, 
the introduced power of DC magnetron sputtering to the 
target in the main chamber 31 was set to 50 W, and the 
introduced power of RF magnetron sputtering to the tar- 

^ get in the insulator chamber 32 was set to 1 50 W. More- 
over, the inside of the main chamber 31 was set to Ar 
atmosphere of 0.7 Pa, and the inside of the Insulator 
chamber 32 was set to the oxygen atmosphere of 0.06 
Pa. 

^ [0148] Moreover, for comparison, the measurement 
was also perfomted with respect to five samples of the 
known magnetoreslstive film 20 shown in Fig. 5. Here, 
the respective five samples include the middle layers 4 
of Cu with different thickness values between 24 ang- 

« stroms and 32 angstroms, and the respective layers 
constituting these samples, other than the middle layer 
4, are provided with the illustrated thickness and mate- 
rials of the known magnetoreslstive film 20 for all the 
samples. 

50 [0149] The respective layers constituting the respec- 
tive five samples were formed by the magnetoreslstive 
film fomning apparatus 40 shown in Fig. 6 similariy as in 
the f omiation of the magnetoresistive film of the present 
embodiment in the seven samples. Additionally, since 

55 the respective layers constituting the five samples were 
all conductive materials, all the layers were formed in 
the main chamber 31 in the magnetoresistive film fomrt- 
ing apparatus 40. 



fo <Dependence on Middle Layer Thtokness> 
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[0150] Fig. 7 is a graph showing the dependence of 
the resistance change Ap/t of the magnetoresistive film 
on the middle layer thickness. 
[0151] Fig. 8 is a graph showing the dependence of 
the coupling field of the magnetoresistive film on the 
middle layer thiclcness. 

[0152] The at)scissa of Fig. 7, 8 indicates the thiclc- 
ness of the middle layer 4 which is a Cu spacer of the 
magnetoresistive film, the ordinate of Rg. 7 shows the 
resistance change Ap/t of the magnetoresistive film, and 
the ordinate of Fig. 8 shows the coupling field H^^ of the 
magnetoresistive film. In Figs. 7, 8, the measurement 
results for the seven samples of the magnetoresistive 
film 10 of the present embodiment are shown by black 
circles, and the measurement results for the five sam- 
ples of the known magnetoresistive film 20 are shown 
by black triangles. These black circles are guided and 
connected to one another by a solid line, and the black 
triangles are guided and connected to one another by a 
dotted line. 

[01 53] As shown by a plurality of black triangles of Fig. 

7, in the known magnetoresistive film 20, when the thick- 
ness of the middle layer 4 is reduced to 28 angstroms 
from 32 angstroms, the resistance change ApA Increas- 
es. However, the resistance change Ap/t reaches Its limit 
at the thtekness of 28 angstroms; on the contrary, the 
resistance change decreases when the thtekness of 28 
angstroms decreases to 24 angstroms. Moreover, in the 
known magnetoresistive film 20, when the thk^kness of 
the middle layer 4 Is between 24 angstroms and 32 ang- 
stroms, the resistance change ApA is between 1 .05 Q 
and 1 .25 £2, and there is little change by the thickness 
of the middle layer 4. 

[0154] On the other hand, as shown by a plurality of 
black circles of Fig. 7, in the magnetoresistive film 10 of 
the present embodiment, when the thk^kness of the mid- 
dle layer 4 Is reduced to 22 angstroms from 30 ang- 
stroms, the resistance change ApA steadily, i.e. monot- 
onously increases to 1 .9 Q or more from 1 .4 Q or less, 
and a value of 1 .9 Q or more is kept for the thickness of 
the middle layer 4 between 24 angstroms and 20 ang- 
stronns. 

[01 55] As described above, the sample of the magne- 
toresistive film 1 0 constituted by forming the copper ox- 
ide layer 7 on the free layer 5 via the oxide layer 6 indi- 
cated a larger resistance change ApA than that of the 
known magnetoresistive film 20 for any thickness of the 
middle layer 4. The large resistance change ApA is con- 
sidered to be caused by the specular reflection of the 
conductive electron in the interfaces between the free 
layer 5 and the oxide layer 6 and between the oxide layer 
6 and the copper oxide layer 7. 
[01 56] As shown by a plurality of black triangles of Fig. 

8, in the known magnetoresistive film 20, when the thick- 
ness of the middle layer 4 Is reduced to 24 angstroms 
from 32 angstroms, the coupling field steadily in- 
creases to 5.3 kA/m from 0.5 kA/m. On the other hand, 
as shown by a plurality of black circles of Rg. 8, for the 



magnetoresistive film 1 0 of the present embodiment, at 
the thickness of the middle layer 4 between 30 ang- 
stroms and 22 angstronns, the coupling field Hj^ is within 
a range of -0.5 kA/m to .5 kA/m and takes a negative 

5 value. The coupllngfield H,„ of the magnetoresistive film 
10 monotonously increases when the thickness of the 
middle layer 4 is reduced to 1 8 angstroms from 22 ang- 
stroms, turns to be positive at 20 angstroms, and ex- 
ceeds 6 kA/m at 1 8 angstroms. 

10 [0157] As described at>ove, the negative coupling 
field is realized In some sample of the magnetore- 
sistive film 10 of the present embodiment in which the 
copper oxide layer 7 is f omried on the free layer 5 via the 
oxide layers. Moreover, in the magnetoresistive film 10, 

IS while a magnitude of the coupling field H|n Is kept to be 
small, the thickness of the middle layer 4 can be de- 
creased to a smaller thickness as compared with the 
known magnetoresistive film 20. 

^ <Dependence on Thickness of Copper Oxide Layer> 

[01 58] Measurement results of changes of the resist- 
ance change ApA, coercive force H^, and coupling field 
of the magnetoresistive film with respect to the thick- 
25 ness of the copper oxide layer 7 will be described here- 
inafter. 

[0159] The measurement was perfomied on eight 
samples including six samples of the magnetoresistive 
film 10 of the present embodiment shown in Fig. 3. For 

30 these eight samples, the film fomnation was performed 
by the method described in the embodiment by the mag- 
netoresistive film forming apparatus 40 shown in Fig. 6 
on the same conditions as the conditions of the sub- 
strate, target diameter, introduced power, and atmos- 

35 phere in the respective chambers during the film fomna- 
tion of seven samples for use In the measurement of the 
dependence on the middle layer thickness. Specifically, 
each of these eight samples is constituted by forming 
up to the free layer 5' on the substrate, forming the Cu' 

40 layer 7' on the free layer 5' laminating AI203 on the Cu 
layer T to subject the Cu' layer T to plasma oxidation 
and to form the copper oxide layer 7, further oxidizing 
the free layer 5' from the side of the Cu layer T, and 
forming the oxide layer 6 on the non-oxidized remaining 

45 free layer 5. Additionally, the thickness of the Cu layer 
7' differs with each sample between 0 angstrom and 35 
angstroms, and the thickness of the Cu layer 7' corre- 
sponds to the thickness of the copper oxide layer 7. 
Moreover, the thickness of the free layer 5' is 35 ang- 

50 stroms, the depth in the film thickness direction in which 
oxygen enters the free layer 5' differs in accordance with 
the thickness of the Cu layer 7* and therefore the thick- 
ness of the non-oxidized remaining free layer 5 and ox- 
idized oxide layer 6 also differs in accordance with the 

55 thickness of the Cu layer 7. As described above, the re- 
spective layers other than the copper oxide layer 7, ox- 
ide layer 6, and free layer 5 constituting the samples 
have the illustrated thickness and are formed of the il- 
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lustrated materials of the magnetoreslstivefllm 1 0 of the 
present embodiment, whether or not the respective lay- 
ers constitute the samples. Additionally, among the 
eight samples, for the sample in which the thickness of 
the copper oxide layer 7 Is 0 angstrom, that is, the sam- 
ple provided with no copper oxide layer 7, the thiclcness 
of the oxide layer 6 is 20 angstroms. For the sample in 
which the thickness of the copper oxide layer 7 is 25 
angstroms, the thickness of the oxide layer 6 is 5 ang- 
stronns. Moreover, In the sample in which the thickness 
of the copper oxide layer 7 is 35 angstroms, the thick- 
ness of the oxide layer 6 is 0 angstrom, that is, the sam- 
ple fails to include the oxide layer 6. Like the magne- 
toresistlve film 1 0' shown in Fig. 4, the copper oxide lay- 
er 7 is directly fomned on the free layer 5. The thickness 
of the oxide layer 6 was measured by shaving the sam- 
ple and evaluating a composition of a shaved surface 
by XPS. 

[0160] Fig. 9 is a graph showing the dependence of 
the resistance change ApA of the magnetoresistive film 
on the thickness of the copper oxide layer. 
[01 61 ] Fig. 1 0 is a graph showing the dependence of 
the coercive force of the magnetoresistive film on the 
thickness of the copper oxide layer. 
[0162] Fig. 11 is a graph showing the dependence of 
the coupling field H,n of the magnetoresistive film on the 
thickness of the copper oxide layer. 
[0163] Each abscissa of Figs. 9, 10, 11 indicates the 
thickness of the copper oxide layer 7 f omried of Cu^.^^x 
of the magnetoresistive film. The ordinate of Fig. 9 
shows the resistance change Ap/t of the magnetoresis- 
tive film, the ordinate of Fig. 10 shows the resistance 
change coercive force H^. of the magnetoresistive film, 
and the ordinate of Fig. 11 shows the coupling field H;^ 
of the magnetoresistive film. In these drawings, the 
measurement results for the eight samples are shown 
by black circles, and the black circles are guided and 
connected to one another by the solid line. 
[0164] The measurement result of the coupling field 
H|„ will first be noted. 

[01 65] As shown in Fig. 1 1 , the coupling field Hj^ is as 
large as 2.9 kA/m when the thickness of the copper ox- 
ide layer 7 is 0 angstrom, steadily decreases as the 
thickness of the copper oxide layer 7 increases, de- 
creases to 0.8 kA/m at the thickness of the copper oxide 
layer 7 of 10 angstroms, and decreases to -1 .2 kA/m at 
1 5 angstroms. Moreover, when the thickness of the cop- 
per oxide layer 7 is in a range of 20 angstroms to 35 
angstroms, the coupling field indicates a small value 
within a range of -0.5 kA/m to 0.3 kA/m. 
[01 66] Since the coupling field of 0.8 kA/m or less 
Is usually requested for the magnetic head of the mag- 
netoresistive film, it Is seen from the above measure- 
ment result of the coupling field H|„ that the thickness of 
the copper oxide layer 7 is preferably 10 angstroms or 
more. Moreover, the thickness of the copper oxide layer 
7 Is more preferably In a range of 10 angstroms to 35 
angstroms. 



[0167] Next, the measurement results of the resist- 
ance change Ap/t, coercive force Hg, and coupling field 
y^l„ will comprehensively be described. 
[0168] As shown In Figs. 9, 1 0, 1 1 , for the sample in 

5 which the thickness of the copper oxide layer 7 is 0 ang- 
strom and the thk^kness of the oxide layer 6 is 20 ang- 
stroms, the resistance change ApA is as low as 1 .3 Q, 
the coupling field H|„ is as large as 2.9 kA/m, and there- 
fore this sample is not very preferable as the magne- 

10 toreslstlve film. Moreover, in this case, the sample co- 
ercive force He is 3.5 kA/m. 

[01 69] When the thickness of the sample copper ox- 
ide layer 7 increases to 1 0 angstronris from 0 angstrom, 
the resistance change Ap/t rises to 1 .75 Q, the coupling 

'5 field H|„ decreases to 0.8 kA/hn, and therefore the sam- 
ple is preferable as the magnetoresistive film. 
[01 70] When the thickness of the sample copper ox- 
ide layer 7 increases to 15 angstroms, the resistance 
change ApA indicates a maximum value of 2 fi, the cou- 

^ pling field H|„ decreases to -1 .2 kAlm to indicate a min- 
imum value, further the coercive force decreases to 
1 .2 kA/m, and therefore the sample is preferable as the 
magnetoresistive film. 

[0171] Moreover, when the thbkness of the sample 
25 copper oxide layer 7 increases to 35 angstroms from 1 5 
angstroms, the coupling field H|p indicates a satisfactory 
value within a range of -0.5 kA/m to 0.3 kA/m, but the 
resistance change ApA decreases to 1 .4 Q from 2.0 Q. 
The decrease of the resistance change ApA is consid- 
30 ered to be caused by the thinning of the oxide layer 6 in 
the vicinity of 35 angstroms. 

[01 72] Here, when the thtekness of the copper oxide 
layer 7 Is 25 angstroms or less, the thtekness of the ox- 
ide layer 6 is 5 angstroms or more. When the oxide layer 

35 6 has a thickness of 5 angstroms or more, the coupling 
field H|^ further decreases to -1 .2 kA/m, the resistance 
change ApA increases to 1 .7 kA/m or more, the coercive 
force He decreases to 2.2 kA/m and preferable proper- 
ties are provided in this manner. Therefore, it is seen 

40 that the thickness of the oxide layer 6 is preferably 0.5 
angstroms or more. Additionally, when the thk^kness of 
the oxide layer 6 is increased, that is, when the thickness 
of the copper oxide layer 7 is reduced, the respective 
properties are deteriorated. A cause of the deterioration 

^ lies in the decrease of the thickness of the copper oxide 
layer 7, except the thickness of the oxide layer 6. 
[01 73] With the thickness of the sample copper oxide 
layer 7 of 35 angstroms, since the thk:kness of the oxide 
layer 6 is 0 angstrom, the sample corresponds to one 

so magnetoresistive film 1 0* of the present embodiment. As 
seen from the results shown In Fig. 7, the value of the 
resistance change ApA of 1 .4 12 is larger than the value 
of the resistance change ApA estimated in the known 
magnetoresistive film 20 which corresponds to the sam- 

55 pie and whose middle layer 4 thickness is 22 angstroms. 
Moreover, for the sample, the value of the coupling field 
Hjn of -0.5 kA/m Is lower than the value of the coupling 
field H|„ when the thrckness of the middle layer 4 shown 
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in Fig. 8 is 22 angstroms. It is seen from this result that 
the magnetoresistive film 10' indicates the resistance 
change larger than that of the known magnetoresistive 
film 20. and indicates a low coupling field H|„. 
[0174] As described above, according to the present 5 
invention, there are provided the magnetoresistive film 
in which the increase of the coupling field accompanying 
the thickness reduction of the middle layer is inhibited, 
the magnetoresistive head provided with the magne- 
toresistive film, the information regeneration apparatus 
provided with the magnetoresistive head, and the mag- 
netoresistive film manufacture method for manufactur- 
ing the magnetoresistive film. 



Claims 

1. A magnetoresistive film comprising a multilayered 
film including: a pinned magnetic layer having mag- 
netization whose direction Is fixed; a nonmagnetic 
middle layer formed on the pinned magnetic layer; 
and a free magnetk; layerformed on the middle lay- 
er and provided with magnetization whose direction 
changes in accordance with an external magnetic 
f ieid, and Indicating a magnitude of resistance in ac- 
cordance with an angie formed by the magnetiza- 
tion direction of the pinned magnetic layer and the 
magnetization direction of the free magnetic layer, 

wherein a copper oxide layer of an oxide in- 
cluding a copper element is fonned directly on said 
free magnetk) layer, or on the free magnetic layer 
via an oxide layer comprising a material fabricated 
by oxidation of a material constituting the free mag- 
netk; layer. 

2. The nnagnetoresistive film according to claim 1 
wherein said copper oxide layer has a thickness of 
10 angstroms or more. 

3. The magnetoresistive film according to claim 1 
wherein said oxide layer has a thtekness of 5 ang- 
stroms or more. 

4. The magnetoresistive film according to claim 1 
wherein a protective layer for protecting the copper 
oxide layer is formed on said copper oxide layer. 

5. The magnetoresistive film according to claim 4 
wherein said protective layer comprises an oxide. 

6. The magnetoresistive film according to claim 5 
wherein said protective layer comprises AI2O3. 

7. The magnetoresistive film according to claim 1 
wherein said free magnetic layer has a thickness of 
30 angstroms or less. 

8. A magnetoresistive film comprising a multilayered 



film including: a pinned magnetic layer having mag- 
netization whose direction is fixed; a nonmagnetic 
middle layer fomned on the pinned magnetk: layer; 
and a free nnagnetic layer fornied on the middle lay- 
er and provided with magnetization whose direction 
changes in accordance with an extemal magnetic 
field, and indbating a magnitude of resistance in ac- 
cordance with an angle formed by the magnetiza- 
tion direction of the pinned nnagnette layer and the 
magnetization direction of the free magnetk: layer, 

wherein said middle layer has a thickness of 34 
angstroms or less, and 

a coupling layer for exerting a coupling field for 
directing the magnetization of said pinned mag- 
netic layer and the magnetization of said free 
magnetic layer in opposite directions between 
the magnetizations is formed on said free mag- 
netic layer. 

9. A magnetoresistive head comprising a magnetore- 
sistive film as a multilayered film including: a pinned 
magnetb layer having magnetization whose direc- 
tion is fixed; a nonmagnetic middle layer formed on 
the pinned magnetic layer; and a free magnetic lay- 
er formed on the middle layer and provided with 
magnetization whose direction changes In accord- 
ance with an extemal magnetic field and indicating 
a magnitude of resistance in accordance with an an- 
gle formed by the magnetizatk}n direction of the 
pinned magnetb layer and the magnetization direc- 
tion of the free magnetic layer, and detecting the 
magnitude of the resistance of the magnetoresistive 
film to detect a strength of the external magnetic 
field, 

wherein a copper oxide layer of an oxide in- 
cluding a copper element is fonned directly on said 
free magnetic layer, or on the free magnetic layer 
via an oxide layer comprising a material fabricated 
by oxidation of a material constituting the free mag- 
netic layer. 

10. An infonnation regeneration apparatus comprising 
a magnetk: head, disposed in the vicinity of or in 
contact with a magnetic recording medium on whk:h 
infonnation is recorded by a magnetization direc- 
tion, for detecting the magnetization direction of 
each point of the magnetic recording medium, and 
regenerating the information in accordance with the 
magnetization direction of each point of said mag- 
netic recording medium detected by the magnetic 
head, 

wherein said magnetic head comprises a mag- 
netoresistive film as a multilayered film includ- 
ing: a pinned magnetic layer having magneti- 
zation whose direction is fixed; a nonmagnetic 
middle layer fonned on the pinned magnetic 
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layer; and a free magnetic layer fomied on the 
middle layer and provided with magnetization 
whose direction changes In accordance with an 
external magnetic field, and indicating a mag- 
nitude of resistance In accordance with an an- 
gle formed by the magnetization direction of the 
pinned magnetic layer and the magnetization 
direction of the free magnetic layer, and detects 
the magnitude of the resistance of the magne- 
toreslstlve film to detect a strength of the exter- 
nal magnetic field, and 

a copper oxide layer of an oxide including a 
copper element Is formed directly on said free 
magnetic layer, or on the free magnetic layer 
via an oxide layer fonrted of a material fabricat- 
ed by oxidation of a material constituting the 
free magnetic layer. 

11. A magnetoresistive film manufacture method for 
manufacturing a magnetoresistive film as a multi- 
layered film Including: a pinned magnetic layer hav- 
ing magnetization whose direction is fixed; a non- 
magnetic middle layer formed on the pinned mag- 
netic layer; and a free magnetic layer fomned on the 
middle layer and provided with magnetization 
whose direction changes In accordance with an ex- 
ternal magnetic field, and Indicating a magnitude of 
resistance in accordance with an angle fomried by 
the magnetization direction of the pinned magnetic 
layer and the magnetization direction of the free 
magnetic layer, 

said method comprising: 



14. A magnetoresistive film manufacture method for 
manufacturing a magnetoresistive film as a multi- 
layered film including: a pinned magnetic layer hav- 
ing magnetization whose direction is fixed; a non- 
5 magnetic middle layer fomied on the pinned mag- 
netic layer; and a free magnetic layer formed on the 
middle layer and provided with magnetization 
whose direction changes in accordance with an ex- 
temai magnetic field, and indicating a magnitude of 
resistance In accordance with an angle formed by 
the magnetization direction of the pinned magnetic 
layer and the magnetization direction of the free 
magnetic layer, 

said method comprising: 

a free magnetic material layer lamination step 
of laminating a free magnetic material layer 
comprising a material constituting said free 
magnetic layer on said middle layer; 
an oxidation control layer lamination step of 
laminating a predetermined oxidation control 
layer on the free magnetic material layer lami- 
nated in said free magnetic material layer lam- 
ination step; and 

a plasma oxidation step of exposing the oxida- 
tion control layer laminated by said oxidation 
control layer lamination step to oxygen in a 
plasma state to oxidize said free magnetic ma- 
terial layer to a predetermined depth In a thick- 
ness direction from an oxidation control layer 
side through the oxidation control layer. 
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a free magnetic material layer lamination step 
of laminating said middle layer, and suk>se- 35 
quently laminating a free magnetic material lay- 
er Including a material constituting said free 
magnetic layer on the middle layer; 
a metal layer lamination step of laminating a 
metal layer comprising a metal on the free mag- 40 
netic material layer laminated in said free mag- 
netic material layer lamination step; and 
a plasma oxidation step of exposing the metal 
layer laminated by said metal layer lamination 
step to oxygen in a plasma state to oxidize the ^ 
metal layer. 



12. The magnetoresistive film manufacture method ac- 
cording to claim 11 wherein said plasma oxidation 
step comprises a step of oxidizing said metal layer, so 
and a part of said free magnetic material layer on 
the side of the metal layer. 



13. The magnetoresistive film manufacture method ac- 
cording to dalm 11 wherein said plasma oxidation S5 
step is performed simultaneously with lamination of 
a new layer on said metal layer. 
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